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ABSTRACT: Six crystal structures of the core domain of integrase (IN) from avian sarcoma virus (ASV)
and its active-site derivative containing an Asp64Asn substitution have been solved at atomic resolution
ranging 1.02-1.42 A. The high-quality data provide new structural information about the active site of
the enzyme and clarify previous inconsistencies in the description of this fragment. The very high resolution
of the data and excellent quality of the refined models explain the dynamic properties of IN and the
multiple conformations of its disordered residues. They also allow an accurate description of the solvent
structure and help to locate other molecules bound to the enzyme. A detailed analysis of the flexible
active-site region, in particular the loop formed by residues-1B#4, suggests conformational changes
which may be associated with substrate binding and enzymatic activity. The pH-dependent conformational
changes of the active-site loop correlates with the pH vs activity profile observed for ASV IN.

Retroviruses, such as human immunodeficiency virus type are already in uses}, no such drugs targeted against IN are
1 (HIV-1)! or avian sarcoma virus (ASV), encode in their yet available. This is due in part to the lack of a complete
genes three essential enzymes: reverse transcriptase (RTxtructural description of IN, which is crucial for understand-
protease (PR), and integrase (IN}).(In rare cases a ingits enzymatic activity. Such knowledge is the foundation
retrovirus such as feline immunodeficiency virus and equine of rational drug design6).

infectious anemia virus also encodes dUTP-&se4j. The A molecule of retroviral IN contains approximately 300
first three enzymes are considered to be primary targets foraming acids, and it comprises three domains: the zinc-
designing drugs against AIDS, because each enzyme isyinding N-terminal domain, the catalytic core domain, and
absolutely required for virus replication. Although the search e DNA-binding C-terminal domain. IN catalyzes the
for therapeutically suitable inhibitors has been successful for incorporation of reverse-transcribed viral DNA into the host
RT and PR and a number of drugs against these enzymegyenome in two steps, processing and joiniig7, 8, both

of which involve nucleophilic attack by a hydroxyl group
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tions of the active site were the most likely cause of the
inability of crystallized HIV-1 IN to bind divalent cations.
Recently, two new structures of HIV-1 IN were reported
under different crystallization conditiond?, 18. In these
structures, the conformation of acidic residues in the D,D-
(35)E motif of the catalytic center was almost identical to
that present in the ASV IN core, with a divalent metal cation
complexed to the two aspartic acidkr( and, in one case,
with an ordered active-site loop, as well8j. Modeling
attempts to assemble a whole molecule of HIV-1 IN from
the individual domains have been describ@dl©. However,
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All experiments were performed on crystals rapidly frozen
in a stream of nitrogen gas (temperature 95 K, Oxford
Cryosystems) after immersing them for a few seconds in the
cryoprotectant solution consisting of 85% of the appropriate
crystal growth mother liquor and 15% glycerol. The intensi-
ties were recorded on a MAR345 image plate detector at a
wavelength of 0.98 A or on an ADSC four element CCD
detector at 1.05 A (data sets ASVIN-TRN and D64N-TRN;
for an explanation of the abbreviations, see Table 1). For
each crystal, X-ray data were collected in several passes
(using different exposure times for each pass) and were

the proposed models have not been verified so far, andmerged together, resulting in very complete data sets. All

ultimately they might not be very helpful for predictions of

the enzymatic mechanism or for rational drug design.
Crystal structures of the catalytic core domain of ASV

IN have also been published with divalent metal cations

bound in the active sitelf, 20, as well as with an inhibitor

of HIV-1 IN (21). The active-site loop of ASV IN was shown

data were processed with the software package HKL2000
(23). Data collection statistics are shown in Table 1.

Most of these structures, with the exception of ASVIN-
TRN and D64N-TRN, were described previously at lower
resolution (4, 29. Therefore, only rigid body refinement
was necessary for obtaining starting models. The first

to accommodate different conformations depending on the structure refined in this series was ASVIN-CIT, based on

crystallization conditions14, 20, although the most recent
reports discussed difficulties in finding stable conformations
of this loop @1, 29. Structural changes of the active site of
ASV IN resulting from the Asp64— Asn substitution or
pH changes have also been reported recefly; suggesting
that the conformation of the flexible active-site loop of this
enzyme could be correlated with pH. Aside from fundamental

our previous structurel#) (PDB accession code lasv).
Before rigid body refinement, all solvent molecules and
residues 144152 (forming part of the flexible active site
loop) were removed from the model, and the side chain of
Asp 64 was truncated beyond5CIn our previous reports
(21, 22, we noted a new conformation of the active-site loop,
as well as vastly different conformations of the side chain

structural questions, such as the quaternary structure of theof Asp64; therefore, in the present study, we sought to

full-length enzyme or the structure of a complex between
IN and DNA, even the description of isolated domains is
still clearly incomplete and evolving.

To assess structural similarities and differences in ASV
IN crystals grown under different conditions, we completed

minimize model bias. The refinement was cross-validated
by the Rqee index 24), which was calculated using 10% of
all reflections.

The refinement of the ASVIN-CIT structure was carried
out with the program X-PLOR 26), using the energy

a series of studies of this enzyme at atomic resolution. In function as well as X-ray terms as targets in the minimization
these experiments, we varied the precipitant, pH, and buffers,procedure. Rigid body refinement in the resolution range
and we compared the active enzyme core domain with the 3:0-8.0 A was performed to compensate for any small
inactive D64N derivative. These high-resolution, well-refined differences in the unit cell parameters. This refinement was
structures have now provided a consistent and more detailedfllowed by positional and overe-factor refinements. After

picture of the active site of the enzyme’s catalytic domain.

EXPERIMENTAL PROCEDURES

Preparation of CrystalsCrystals of the core domain of
ASV IN were grown according to protocols described
previously (4), using either PEG4000 or ammonium sulfate
as the precipitant. In the case of the D64N derivative, only

crystals grown in the presence of PEG4000 were studied.

Crystals were grown at different pH values adjusted either
with Hepes buffer (pH 7.5) or with citrate buffer (pH 6.0).

visual inspection of the refined structures using the program
O (26) and manual corrections, the resolution was subse-
guently extended an factors were individually refined for

all non-hydrogen atoms. When the X-ray data were extended
to the highest resolution available, the refinement was
continued using the program SHELXRY). The quality of

the geometrical and stereochemical indices was continuously
monitored using the program PROCHECERS). The refine-
ment was also performed with the program REFMAX)(
using the maximume-likelihood target function. Because the
results were consistent, this method of refinement was

To answer specific questions that arose during these studiesgiscontinued.

we transferred some crystals from their original solutions to
different mother liquors before collecting X-ray data. Several
crystals grown in citrate buffer were transferred stepwise to

A different approach was used for the refinement of three
other structures: ASVIN-AS, ASVIN-HEP, and D64N-CIT.
For each, the final structure of ASVIN-CIT described above

an acetate buffer-based mother liquor at an equivalent pH,was used as the starting model. All solvent molecules were

but additionally containing MnGI(50 mM). For the D64N
derivative, a few crystals grown in citrate buffer were

transferred to the Hepes buffer-based mother liquor (pH 7.5),

removed, and the model was subjected to isotropic refinement
using the programs REFMAC and ARBQj. The latter
program was used to select water molecules on the basis of

because crystals of this protein could not be grown in Hepes 2F, — F. andF, — F. maps. The refinement of these three

buffer. Six different types of crystals were investigated in
this study (Table 1).

Data Collection and Structure Refinemehhe diffraction

models was continued by using the program SHELXL
against F2 with the conjugate gradient (CGLS) option.
During the first five cycles, isotropiB factors were refined

data for all crystals were collected on a synchrotron source for all atoms. Later, non-hydrogen atoms were refined using

(beamline X9B at NSLS, Brookhaven National Laboratory).

anisotropic displacement parameters. At this stage, hydrogen
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Table 1: Crystallization Conditions, Data Collection, and Refinement Statistics for ASV IN Structures

selected crystallization

conditions ASVIN-CIT ASVIN-HEP ASVIN-AS D64N-CIT ASVIN-TRN D64N-TRN
buffer 0.1 M citrate 0.1 M Hepes 0.1 M Hepes 0.1 M citrate 0.1 M acetate 0.1 M Hepes
(pH) (6.0) (7.5) (7.5) (6.0) (6.0) (7.5)
precipitant 20% PEG4000 20% PEG4000 2 M(HSO, 20% PEG4000 20% PEG4000 20% PEG4000
protein definition core core core core, core core,

mutant D64N mutant D64N
Data Collection Statistics

total no. of reflections 357 298 250 390 1034785 345 764 262 703 345 283
no. of unique reflections 34 367 69 419 89 063 53915 58 386 59 166
resolution range (A) 13:01.42 15.0-1.06 20.0-1.02 20.0-1.20 15.6-1.15 15.0-1.15
completeness (overall) (%) 99.0 90.1 100.0 97.1 93.5 94.7
completeness (highest 98.9 (1.47) 86.7 (1.08) 99.6 (1.04) 90.4 (1.22) 70.7 (1.19) 81.9 (1.19)
resolution shell) (%)
Rsym 0.046 0.034 0.056 0.060 0.037 0.046
averagd/o(l) (overall) 39.5 32.3 43.6 28.4 35.5 44.8
averagd/o(l) 5.2 3.2 29 2.2 2.0 9.5

(highest resolution shell)
Data Collection Strategy

no. of passes 2 3 3 2 2 2
exposure time/frame (s) 5/150 12/20/120 15/30/120 60/180 20/60 20/60
maximum resolution (A) 2.0/1.42 2.40/1.40/1.06 2.35/1.50/1.02 2.40/1.20 2.50/1.15 2.50/1.15
unit cell @/c, A) 66.18/78.73 65.37/80.14 65.54/80.12 66.56/78.36 66.13/78.59 65.54/80.07
Refinement Statistics

resolution range (A) 10:01.42 10.0-1.06 10.6-1.02 10.60-1.20

crystallographid=? 0.187 0.143 0.129 0.147

rmsd bonds (A) 0.014 0.016 0.015 0.020

angle distances (A) 0.029 0.031 0.030 0.029

Avg Coordinate Errors (A) (No. of Atom3)

all atoms 0.020 (1034) 0.019 (1031) 0.028 (1030)

C 0.021 (652) 0.020 (648) 0.029 (645)

e} 0.018 (184) 0.016 (189) 0.026 (197)

N 0.021 (194) 0.020 (192) 0.028 (184)

S 0.008 (4) 0.006 (3) 0.012 (4)

AverageB Factor (&)

all protein non-H atoms 19.9 15.2 13.2 18.4

main-chain atoms 175 135 11.5 16.2

side-chain atoms 224 16.9 14.9 20.7

solvent atoms 36.8 20.0 26.7 27.3

no. of non-hydrogen 1118 1132 1155 1114

protein atoms

no. of solvent atoms 203 137 192 211

no. of heterogen atorfis 19 15 27 18

a CrystallographidR values are calculated on the basis of all observed intensities, which were measured within the resolution range used during
the refinement® The average errors of coordinates are obtained by inversion of the LSQ matrix. Only the atoms in single sites are included
(disordered sites excluded; number of included atoms shown in parenttfeBes)aumber shown corresponds to the nonprotein, nonsolvent atoms
(citrate and glycerol molecules).

atoms were introduced into the well-ordered parts of the because refinement of both occupancies and temperature
structure at stereochemically calculated positions. The posi-factors at resolutions approacyif A is generally not stable
tions of hydrogen atoms were correlated with those of bonded(32). The progress of refinement was monitored using the
heavier atoms. For all hydrogen atoms included in the Ryeeindex based on a reserved set (2%) of reflections. All
refinement, isotropid factors that were 20% higher than data were used in the last refinement cycle, and the models
those of the parent atoms (50% higher in the case of methylwere refined with the blocked full-matrix least-squares
hydrogens) were applied. Manual adjustments of the modelsoption. The blocks consisted of positional and anisotropic
were performed with the program Quanta (Molecular Simu- thermal parameters of 12 successive residues and overlapped
lations, Inc.). The occupancies of atoms present in doubleby two residues. This approach allowed the individual
conformations were refined as constrainea tond (1— X). uncertainties associated with all refined parameters to be
During the course of refinement, standard restraints recom-properly estimated from the inversion of the least-squares
mended by Sheldrick and Schneid@7Y were applied to matrix.

the positional and displacement parameters, whereas geo- The structures of ASVIN-TRN and D64N-TRN were only
metrical restraints were those of Engh and Hul3).(The partially refined using the program X-PLOR. As the starting
bulk solvent contribution to the structure factors was models, the final structures of ASVIN-CIT and D64N-CIT,
calculated with the SWAT option of SHELXL. Water respectively, were used, omitting the side chains of residue
molecules were classified as either fully or half-occupied 64, residues 144152, and the solvent. Although some minor
on the basis of their electron density and their distances tostructural changes were observed in both cases, the confor-
neighboring atoms. Their occupancies were not refined, mations were not novel, and thus, the refinement was not
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Ficure 1: Stereo representations of the core domain of ASV IN. (A) Ribbon diagram of D64N-CIT, colored according to the isotropic
B-factors of Gt atoms. The regions of the enzyme consisting of@oms withB factors lower than 18 Aare shown with a blue ribbon

while the more flexible regions are highlighted in yellow. There are five regions of the enzyme characterized by higher mobility, and these
regions are labeled in red. The longest flexible region comprises the active-site loop, Thr144-Met155. The red arrow indicates the direction
of loop motion as determined by analysis of the anisotropic displacement factors. Three side chains of the active site residues are also
shown and labeled in black. (B) Ribbon diagrams of two superimposed structures, ASVIN-AS (yellow) and D64N-CIT (blue), oriented
identically to the model shown in panel A. The most flexible fragments of the enzyme, highlighted in yellow in panel A, have the poorest
structural agreement between the two structures. Again, the discrepancies are largest for the flexible active site loop; in ASVIN-AS, it is
completely disordered, and thus undetermined.

continued. In Table 1, the statistics and quality assessments/.5; ASVIN-HEP and ASVIN-AS) but are ordered at the
for the first four structures are shown, whereas only experi- “low” value (pH 6.0). Under the low-pH conditions, we could
mental data are listed for ASVIN-TRN and D64N-TRN. not determine the orientation of four (ASVIN-CIT) or seven
(D64N-CIT) residues at the N-terminus, although they were
RESULTS clearly visible in both of the high pH structures (Figure 1).
The atomic resolution models of ASV IN presented here To assess the overall similarity among the diff_erent mpdels,
provide a number of new structural details and an overall We aligned the four IN molecules on the basis of their C
unparalleled accuracy in terms of both atomic position and &0ms, using the program ALIGN3g). These alignments
thermal motion description, compared with the previous resulted in root-mean-square deviation (rmsd) values of 0.19
reports (4, 15, 20, 22 Because the structure of ASV IN A for ASVIN-CIT vs D64N-CIT (132 Gx atoms used), 0.10
under different crystallization conditions has been describedA for ASVIN-HEP vs ASVIN-AS (for 136 G atoms), 0.25

previously, only the new observations will be discussed here A for ASVIN-AS vs D64N-CIT (for 126 @ atoms), and
in detail. 0.24 A for ASVIN-HEP vs D64N-CIT (for 128 & atoms).

Comparison of the Structures of ASV e most striking ~ Figure 2B shows the distribution of discrepancies among the
differences among the various structures are the changes irfPositions of equivalent @ atoms obtained after superposition
the flexibility of the loop (residues 144154), caused by  ©f the different structures.
variation in pH. Most of the amino acids in this loop do not ~ We found the two high pH models to be remarkably
have an ordered structure at the “high” pH value (i.e., pH similar. The largest deviation between the positions of two
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corresponds to residues Gly*4Blal54 (i.e., to the flexible
active-site loop), with a maximum difference of 0.7 A in
the G atom positions. We found a similar deviation for the
Ca atoms of Gly123. One reason for these differences might
be the lower resolution of ASVIN-CIT (1.42 A) compared
with D64N-CIT (1.20 A), which led us to use a different
thermal motion model in the refinement of each structure.
Several residues (Val81, Serl50, Leul63, Aspl65, and
Metl77 in ASVIN-CIT, and Arg70, Arg74, Val81, Arg114,
Lys119, Lys129, Leul63, Aspl65, Lys166, and Metl77 in
D64N-CIT) also have their side chains modeled in two
discrete conformations. Other residues for which different
- conformations of the side chains are also observed are Arg95,
ol Arg132, lle146, and Lys178. Similar to the high-pH struc-
4% B0 100 120 140 160 180 200 tures, all of these residues are located on the molecular
Residue Number surface. The substitution at position 64 in D64N-CIT might
also contribute to the differences.
10 (b) Even larger, yet consistent, differences are observed while
X comparing the structures corresponding to different pH values
s | (Figuresl and 3). Aside from the two most striking differ-
ences observed for the flexible loop region and the N-
terminus (see above), there are additional regions of the IN
molecule for which conformations seem to be pH controlled,
the most important being the changes observed in and around
the active-site area. These changes consist of rotation of the
side chains of Lys119 (Figure 3A), Asp64, Asnl122, lle146,
Pro147, and GIn153, as well as movement of Gly145 (Figure
3B). Differences found for Asp64 and Lys119 are discussed
: in detail below. Residues Gly14%5In153 are part of the
T T T T S T S T active-site loop, and the changes in their conformations are
4 60 80 100 120 140 160 180 200 a direct consequence of the changes in the pH-controlled
Residue Number mobility of this loop. Another residue with a clear and
FiGURE 2: Thermal parameters and deviations between the ASV reproducible conformational change is Asn122, although the
IN structures. (A) Distribution of the isotropB factors in ASVIN- reason for such variability is unknown. An additional, quite

HEP (solid line), ASVIN-AS (thick solid line), ASVIN-CIT (dashed : :
line), and D64N-CIT (dotted line). The plottdifactor values are pronounced structural difference between the low-pH and

those of the @ atoms. (B) The differences among the positions of high-pH structures is evident for the typeftturn 34),
equivalent @ atoms in different structures. Each of the four models Thr83-Ala84-Ser85-Ser86 (Figure 3C). Because this section

described in this paper was aligned against the other structures (siXs |ocated near the N-terminus of the IN core domain, a

pggi?i)ogg g';i b&\s/ze(ﬁt tgea(t%ﬁgm%tt"gghagifﬁirﬁgzﬂgiﬁeimggg change in the dynamic properties of the N-terminal residues
P d P : can be a determining factor for this shift.

each @ position, the average discrepancy was calculated and the : : .
resulting distribution is plotted as a thick solid line. A comparison ~ As described previouslyl@), ASV IN crystals grown in
of the profiles shown in panels A and B clearly reveals a correlation the presence of Hepes (the condition for both of the high-

between increasing-factor values within a structure and greater pH structures described here) bind this molecule in a specific
Co position variation between the structures. fashion. Such binding triggers minor structural changes that
corresponding @ atoms is 0.54 A for Gly152, which is are not directly pH dependent. Thus, smaller consistent
almost twice as large as the second largest deviation. Becausedifferences (equivalent t6-0.35-0.6 A shifts of the @
Gly152 is adjacent to the disordered flexible loop, this atoms) are observed for the section Hisd3r97 (the loop
difference may also reflect dynamic effects. For the side linking the third g-strand and the firsti-helix in the core
chains of 13 residues (Arg70, Val81, 11e88, GIn92, Val99, domain of ASV IN). The Hepes molecule forms two
Serl124, Cys125, Met155, Glu157, Leul63, Asp165, Arg168, hydrogen bonds~3.10 A) with the side chain of Arg95.
and Asn197) in ASVIN-AS and for the side chains of 11 This side chain becomes much better ordered due to these
residues (Arg70, Val81, 11e88, GIn92, Serl24, Cys125, interactions, and consequently, the whole His38r97 loop
Lys129, Leul63, Aspl65, Glul87, and Asn197) in ASVIN- is pulled slightly toward the ligand molecule. The changes
HEP, we modeled two discrete conformations. Besides lle146 observed for the side chain of Trp76 can also be attributed
and Pro147, which are ordered in ASVIN-AS but disordered to the same factor.
in ASVIN-HEP, the only other conformational differences Thermal Motion in the ASV IN Core DomaiThe
were observed for the side chains of GIn59, Arg114, Lys129, displacement parameters for all non-hydrogen atoms in the
and Arg161. Most of these residues are located on the surfacestructures of ASVIN-HEP, ASVIN-AS, and D64N-CIT were
of the molecule, and their side chains are characterized byrefined anisotropically. The validity of this approach was
B- factors that are higher than those for the adjacent residuesconfirmed in all cases by the associated decrease in free
We found somewhat larger differences between the two R-factor values during refinement. The aver&yiactor for
low-pH structures. One region with significant deviations non-hydrogen protein atoms is directly proportional to the

22
B-factor (A")

o)

Discrepancy (A)
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P

Ficure 3: Stereo representation of the pH-dependent changes in the conformation of the residues located near the ASV IN active site. The
Co. atoms of the low-pH structure (D64N-CIT, dark gray) are superimposed on the high-pH structure (ASVIN-AS, light gray). (A) Two
conformations of Lys119, shown as thicker lines. Hydrogen bonds observed for both conformations of Lys119 are also shown. The differences
between the structures of the active site loops are very clear. (B) Different pH-controlled conformations of Asp64, Asn122, and GIn153,
shown as thicker lines. For clarity, the lengths of the hydrogen bonds are not marked. (C) pH-triggered shift of tjfettypeThe extent

of this change is indicated by the three arrows.

highest experimental resolution. Thus, for ASVIN-AS, this conformation of this section was unambiguously determined
is equal to 13.2 A for ASVIN-HEP, it is 15.2 &; for D64N- in two structures, ASVIN-CIT and D64N-CIT, and a similar
CIT, it increases to 18.4Aand finally it reaches a value of  electron density could also be seen for ASVIN-TRN. We
19.9 A for ASVIN-CIT. Although the absolute values of found that in these structures, the active-site loop has a
the B factors clearly contain experimental artifacts, their common conformation, different from any described previ-
relative values within one model can be used to differentiate ously (L4, 20Q. As shown in Figure 4A, the electron density
sections of the monomer according to their dynamic proper- is very clear for nearly all residues in the loop. The average
ties. These dynamic properties, represented as a graph of isotropic B factor for the non-hydrogen atoms of residues
factors for the @ atoms in all four models, are shown in  144-152 is 38.8 & in D64N-CIT, compared with 18.4 A
Figure 2A. It is clear that, despite differences in data for all non-hydrogen atoms in the protein, indicating that
resolution and refinement protocols, all four plots have very this unambiguously placed segment is still more flexible than
similar profiles, indicating that the same sections of the the rest of the protein. The loop residues form three well-
molecule are most flexible. Aside from the N- and C-termini, defined secondary structure elements. The dipeptide Atal41
there are three other regions within the ASV IN core with His142 creates a shofi-strand that is part of the motif
higher flexibility. One region is the active-site flexible loop containing residues 137119/124-138/141-142 (34). Resi-
(residues 144 154), the second is the section beginning with dues lle146-Asn149 form a type 13-turn. Beginning with
catalytic Asp121 and extending to the short helical fragment Ser150, the next 24 residues form the longest helical
(the third helix in the ASV IN core domain), and the third fragment in the whole domain (the fourthhelix). A number
region is the hairpin consisting of residues Thr83-Ala84- of hydrogen bonds are formed within the flexible loop. Most
Ser85. These sections of the protein are all located aroundof them are formed by main-chain atoms: Ille146{O)
the active-site pocket (Figure 1A). Asn149(N) (3.06 A), Asn149(®)GIn153(N) (2.91 A),
Conformation of the Acte-Site LoopResidues 144154, Ser150(0¥)-Ala154(N) (2.99 A), and Ser150(©)GIn153-
forming the active-site flexible loop, have different dynamic (N) (3.48 A). An additional hydrogen-bonded interaction is
properties under the various conditions that we studied. Theformed by the side-chain oxygen of Asn149 and Gly152(N)
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(a)

x o lle140

.4k

.
Gly145 8
Pro147 P =

(b)

Alatdd Alaldi

FiGure 4: Active-site loop in the structure ASVIN-CIT. (A)R2 — F. electron density for the final model, contoured at tlweldvel. This
panel, as well as Figure 5A, were prepared with the program BOBSCRIB &itd rendered with RASTER3[38). (B) Thermal ellipsoids
plotted on a 20% probability level using the program ORTE®%)(

(2.91 A). All of these hydrogen bonds are characterized by the model of ASVIN-CIT did not show other significant
very good stereochemistry. Other stabilizing interactions are structural changes. In contrast, the side chain of Asn64 had
present between the loop and the rest of the protein. Thean orientation identical to that observed in D64N-CIT.
most stabilizing interactions appear to be a number of However, in D64N-TRN, residues 14452 did not have
stereochemically well-defined hydrogen bonds: Gly145(0O) an interpretable electron density, even though the X-ray data
Asn122(N) (2.92 A), GIn151(G)Lys119(NZ) (3.11 A), for this crystal were of better quality and higher resolution
GIn151(0)y-GIn62(NE2) (3.37 A), and GIn153(NE2) than for D64N-CIT, whose active-site loop had a clearly
Thr63(0) (3.31 A). defined conformation. Further comparisons indicated a
Because the anisotropic displacement parameters apumber of additional differences between D64N-TRN and
proximate the degree of atomic disorder and its dominant D64N-CIT, which resulted from the pH change accompany-
direction, we generated thermal ellipsoids for the flexible ing the crystal transfer and which were similar to those
loop, which are shown in Figure 4B. The concerted move- observed in the comparison of ASVIN-CIT and ASVIN-
ment of the atoms clearly suggests the motion of the whole HEP.
loop. C—H---O Hydrogen Bond<Careful analysis of the models
Structures of ASVIN-TRN and D64N-TRN. extend our revealed a set of unusual hydrogen bonds that are very
understanding of the pH-induced structural changes within seldom reported for proteins. We found that His142 forms
the catalytic domain of ASV IN, we collected atomic four hydrogen bonds, utilizing four atoms ¢lil, Ne2, C62,
resolution X-ray data for crystals of ASVIN-TRN and D64N- and G1) of its side-chain ring (see Figure 5). Thus, in
TRN that were transferred to solutions with new conditions addition to the expected N\H---O hydrogen bonds, we
(see Experimental Procedures and Table 1). Crystals ofobserved the rarer €H--:O hydrogen bonds. The high
ASVIN-TRN were transferred to an acetate buffer-based resolution of the data and the consistency among the different
solution containing 50 mM MnGl with the same pH. structures validate this result. His142 and the surrounding
Analysis of the electron density maps calculated for the residues that participate in this unusual hydrogen bonding
partially refined structure of ASVIN-TRN clearly revealed are structurally very conserved in the four models presented
the location of the flexible loop residues (34#52) that were here.
omitted from the refinement, with the conformation of this ~ Additional Binding Sites in ASV INAnalysis of the
segment being virtually identical to that observed for ASVIN- electron density for all of the structures revealed a few large
CIT. The most important difference was seen within the peaks that could not be described as either amino acid
active site of ASVIN-TRN, where we could easily identify residues or water. We surmised the identity of the molecules
a peak corresponding to the Rincation bound to the side  occupying the appropriate sites from the shape and size of
chain of Asp64, the latter present in the active conformation the electron density, the interatomic contacts with neighbor-
that was identical to that found in ASVIN-HEP. Comparison ing protein atoms, and the contents of the crystallization
of the &, — F electron density map of ASVIN-TRN with  medium. Hepes molecules were previously reported in the
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(b)
lle118 ? Thr120 o118 ~ Thr120
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Ficure 5: Hydrogen-bonding patterns of His142 in ASVIN-AS. (A) Electron density contoured at thelev@l (green) for all amino

acids, whereas the blue density covering Wat490 is contoured at the I8\&3. This mode of presentation was chosen because the water
site is half-occupied. Map resolution 1.02 A. (B) Thermal ellipsoids plotted on a 20% probability level. The hydrogen bond interactions are
marked as gray lines.

crystals containing this buffer1d). Another molecule 82 structurally conserved water molecules. The aveige
identified in this study is the citrate anion, located at the factors for these subsets are 19.4(ASVIN-AS), 19.0 &
interface between two protein monomers and distant from (ASVIN-HEP), 27.9 R (ASVIN-CIT), and 22.9 & (D64N-
the active site. This molecule is stabilized by several CIT) and are, on average, lower by20% than the
hydrogen bonds with protein and water molecules, as well corresponding values shown in Table 1 for all solvents. A
as by salt bridges between its carboxylate groups anddetailed inspection revealed that 21 of these conserved water
arginines 132 and 179. molecules participate in four near-tetrahedrally arranged
We interpreted another feature of the electron density ashydrogen bonds, and for six water molecules, we could
a glycerol molecule located close to the crystallographic identify four hydrogen bonds with somewhat less ideal
2-fold axis. Glycerol interacts with the protein and solvent geometry. An additional 31 water molecules participate in
as well as with a symmetry-related glycerol molecule via three hydrogen bonds, and 22 water molecules are incorpo-
hydrogen bonds. Interactions with the enzyme are throughrated into the structures via two hydrogen bonds. Only two
hydrogen bonds between Val 90(0) and a hydroxyl group conserved water molecules interact with the protein via a
of glycerol and by hydrophobic contacts between the carbon single hydrogen bond. About one-fourth of these conserved
atoms of the ligand and the side chains of Val89, Thr91, water molecules1) are located within the crystallographic
Thr107, and Met193. As with the citrate anion, the glycerol dimer interface, and four of them (Wat402, Wat413, Wat470,
molecule is bound away from the enzyme’s active site. ~ and Wat472) clearly play a direct role in stabilizing dimer-
Sobent Structure. About 200 water molecules were !'zation. o o _
identified independently in each of the four structures on  USIng the same criteria, we identified 29 solvent sites
the basis of their electron densities (see Table 1). The averag&©@mmon to three out of four of the refined structures, and
B factors for the solvent vary between 20.8 f&r ASVIN- an additional 76 water molecules conserved between pairs
HEP and 36.8 Afor ASVIN-CIT, indicating some correla- of structures. It_is likely that, despite the very high resolution
tion with the resolution of the X-ray data. Water molecules @nd good quality of all the structures presented here, some
conserved among the four refined structures were locatedconserved water molecules were not accounted for, due in
after superimposing these structures on thed@ordinates part to the fact that_ a!l the structures contain dlsordgred
and were assumed to occupy a common position if four water "€9i0ns and to the limits of the experimental information
molecules, each from a different structure, were located @chieved in this study.
w!thm a 0.6 A radius sphere. We performgd the calculations DISCUSSION
with a computer program written for this purpose (J. L.,
unpublished material), and we confirmed their correctness The results presented here clearly show that the dynamic
by subsequent visual inspection. This procedure identified properties of the active-site loop change dramatically as a
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function of pH within the range of 6:07.5. Because this  tions of the active-site loop and the conformations of other
pH range coincides with the known pH vs activity assay residues of the core domain. The high-quality electron density
profile for IN (22), there might be a direct relationship maps of ASVIN-TRN and D64N-TRN were most informa-
between the pH-dependent changes in the conformation oftive, although the refinement was not completed. It is clear
the active-site loop and the enzymatic activity of IN. As that the protonation state of Asp64 is not correlated with
previously described?@), a change of protonation followed any specific conformation of the active-site loop and that
by a conformational change is observed in the core domain Asp64 does not participate in stabilizing the low-pH con-
of native ASV IN for the Asp64 side chain around pH 6.2. formation of residues 144152. These experiments also
Thus, we can see that pH-triggered structural changes of thisconfirmed our previous observation that divalent metal
protein are quite extensive, especially around its active site cations (Mi*, Mg?") can stabilize the active conformation
(Figure 3). Studies of enzymatic activity as a function of of Asp64 at pH as low as 5.5 (J.L., unpublished data).
pH (22) indicated that the catalytic activity of ASV IN In the second experiment, we additionally show that the
decreases dramatically at pH below 6.0. Therefore, it is very active-site loop becomes nearly completely disordered upon
likely that some or all of the structural changes observed in an increase of pH, despite the fact that the side chain of
the region of the active site are responsible for the changesAsn64 in D64N-TRN remains in its inactive conformation,
in the enzymatic activity. incapable of binding divalent cations. Even though both
The conformation of the active-site loop described here experiments were associated with very high-resolution X-ray
for D64N-CIT and ASVIN-CIT is different from any that data (see Table 1), in neither case could we detect the
was previously described 4, 20, showing three major new  presence of stable conformations of the flexible active-site
features. First, this loop is folded in a compact fashion on loop that were different from those described here.
the surface of the molecule (Figure 1). All residues have We analyzed in detail the interactions responsible for the
conformations within the favorable regions of the Ram- stabilization of the low-pH conformation of the active-site
achandran plot35), in contrast to Ser150 in previous models, loop. Because Asp64 was shown not to directly stabilize the
which was placed in an unfavorable region. Finally, the loop, we tried to identify other residues that also might
average temperature factor for the main-chain atoms within change their protonation state around pH 6.5 and be
this loop is 36.0 A& (or 38.8 & for all atoms of residues  responsible for changing the dynamic properties of this loop.
144-152), compared with 60 A the lowest previously — Only one residue near the structurally variable fragment
reported L4) (for the structure with PDB code lasw, also 144—152 (His142) could potentially change its protonation
solved with a frozen crystal). Because the crystallization state in the pH range of interest. However, His142 does not
conditions that we used in the present studies were the saménteract directly with any of the flexible loop residues, and
as those reported in the past, these discrepancies requir¢éhus, it is unlikely that its protonation determines the
further explanation. We analyzed the data on the conforma-conformation of the loop. We extended a similar analysis
tions of the active-site loop, including all structures generated over the residues that contribute their side chains to formation
during our previous experiments, and compared them with of hydrogen bonds with the active-site loop. Three charged
the atomic resolution structures presented here. In the initialresidues (Lys119, Asp121, and Glul57) are evident in the
papers describing the structure of the ASV IN core, two vicinity of fragment 144-152. The two acidic residues are
models for the active site loop were proposed: one for part of the IN active site itself. Similar to Asp64, their
crystals grown in the presence of ammonium sulfate as theprotonation probably affects the enzyme’s affinity for binding
precipitant, and the other for PEG4000 as the precipiteht (  the divalent metal cations that are necessary for activity.
20). No other factors, such as pH or the presence of metal Mutation studies of these residues are currently under way
cations, were reported to alter loop conformation. It is and will address this problem in detail. For the current
important to note that none of the previous structures of the analysis, it is important to mention that only the side chain
ASV IN core were refined at a resolution higher than 1.7 A. of Glu157 is located within hydrogen-bonding distance of
We reanalyzed the diffraction data, refinement protocols, andthe loop, ~3.5 A from Gly148(N). Even in this case,
electron density maps for several structures that includedhowever, the potential hydrogen bond would be questionable
coordinates for the flexible loop. We found that all three due to the unfavorable orientation of the contributing atoms.
elements were very consistent with those described here,The side chain of Asp121 points in a direction opposite to
except for the discrepancies resulting from the very signifi- that of the flexible loop. Moreover, the conformations of the
cant difference in the resolution limit of the X-ray data. As side chains of both Asp121 and Glul57 are not affected by
a result of this analysis, we could not confirm the previously the pH changes, as seen when comparing the structures of
published loop conformations. Therefore, on the basis of the ASVIN-HEP and ASVIN-CIT.
atomic resolution structures of the core domain of ASV IN,  We found a very different situation, however, for Lys119.
we unambiguously identified only one novel conformation We could clearly identify a conformational change for the
of the active-site loop. This conformation is present at pH side chain of this residue as a function of pH. In one
lower than 6.6-6.5 and is usually accompanied by confor- conformation (pH<6.5), Lys119(N) creates a stereochemi-
mational changes of several side chains, including those ofcally favorable hydrogen bond with GIn151(O), which we
Asp64 (Figure 3B) and Lys119 (Figure 3A). At pH higher observed for both D64N-CIT (NH---O, 3.11 A) and
than 7.0-7.5, the active-site loop becomes disordered beyond ASVIN-CIT (N—H---O, 3.53 A) and a second interaction
the limits of detection by X-ray crystallography, and this with GIn151(OE1) (N-H:--O, 3.27 A), detected only in
property is very likely essential for enzyme functionality. ASVIN-CIT. These interactions clearly stabilize the confor-
We conducted two additional experiments to better mation of the flexible loop observed at low pH. Such
understand the possible correlation between the conforma-stabilization is not provided by the side chain of Lys119 in
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the alternate conformation, where thé Btom is located at

Biochemistry, Vol. 38, No. 41, 19993521

(Figure 5B) indicate that the vibrations for all four acceptor

a distance of 2.93 A toward Ala120(0), a residue in a atoms [lle118(O), Thr120(@L), Phe126(0), and Wat490-
structurally conserved region. Currently, it is not possible (O)] have a relatively isotropic distribution. This observation
to prove that the interaction with Lys119 is the sufficient is not compatible with a postulate of 2-fold disorder for the
and only factor for stabilizing of the conformation observed hydrogen donors. However, the possible significance of the

for residues 144152. Additionally, we do not know whether

extensive interactions of His142 and the surrounding residues

there is any relationship between the two conformations of is not clear. One appealing possibility is that His142 plays
Lys119 and the protonation state of its side chain. Finally, a key role in stabilizing the local structure of ASV IN: it
the available results are insufficient to remove all ambiguity interacts with three residues (lle118, Thr120, and Phel26)
about a direct link between specific structural changes located in the direct vicinity of the enzyme’s active site.

resulting from the pH change and the activity of the enzyme.

This analysis, however, suggests a possible function for ACKNOWLEDGMENT

Lys119 for the activity of the enzyme, making this residue
a very interesting candidate for mutational studies.

In HIV-1 IN, the position equivalent to ASV IN Lys119
is occupied by His114. Although histidine is also basic, its
geometry is significantly different from that of lysine.
Because the side chain of Lys119 is extended when it
stabilizes the low pH loop conformation, a similar interaction
cannot be present in HIV-1 IN without significant confor-
mational changes of either the active-site loop, the fragment
containing His114, or both. The active-site loop in HIV-1
IN has been observed in two structures (PDB codes 1bis
and 2itg), describing two different crystal forms of the
catalytic core of this enzyme. Although in both cases the
conformations of the loop are very different, in neither one
does His114 interact similarly to Lys119 in ASV IN. The
loop conformations reported for the HIV-1 IN structures are
also very different from the one described here for ASV IN.
Because the primary structure of this segment of the catalytic
domain is highly conserved in both enzymes, we could ask
whether any of the reported loop conformations are biologi-
cally relevant. A conclusive answer requires new information,
e.g., the structure of the complex between IN and its substrate
or possibly the structure of the entire enzyme.

for the loop atoms, we observed that all residues within the
most flexible region of the loop move in a concerted fashion
(Figure 4B) and the direction of the loop movement is

approximately perpendicular to the active-site pocket. Two 11,

hypotheses can be proposed from these observations. First,
a concerted movement of the loop residues suggests that this
motif has a well-defined conformation, i.e., it is stabilized
by interactions within itself. Additionally, this observation

may correspond to the movement of residues associated with 13

pH changes, possibly similar to the loop dynamics present
at some stages of DNA substrate binding (or product release)
at the active site of the enzyme.

Although hydrogen bonds with carbon atoms as donors
(C—H---O) are not very rare in the structures of small
molecules, especially nucleotides and nucleosides, they are
very seldom reported for protein86). In the structures

presented here, all four hydrogen bonds formed by the ring 16-

of His142 are very apparent. We can rule out the possibility
that these interactions represent a mixture of two rotamers

of His142, on the basis of the behavior of the anisotropically 18,

refined temperature factors of this residue. The results are
in agreement with the data of Jeffrey and Saeng®éy, (vho
reported that for €H---O hydrogen bonds the distance

~2.3 A), whereas it is shorter forNH-+-O hydrogen bonds
(mostly in the range 1.551.90 A). Thermal ellipsoids

We thank Anne Arthur for editorial assistance.
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